INTRODUCTION 28
All animals face the fundamental challenge of building and maintaining diverse tissues while 29 remaining sensitive and responsive to their environment. This is most salient in the intestinal 30 epithelium which performs important roles in nutrient absorption and barrier function while being 31 constantly exposed to complex microbial communities (microbiota) and nutrients within the 32 intestinal lumen. The presence and composition of microbiota in the intestinal lumen influence 33 diverse aspects of intestinal development and physiology including dietary nutrient metabolism 34 and absorption, intestinal epithelial renewal, and edification of the host immune system. The ability of IEC to maintain their physiologic functions and respond appropriately to microbial 44 stimuli is facilitated through regulation of gene transcription. Genome-wide comparison of 45 transcript levels in intestinal tissue or isolated IEC from mice reared in the absence of microbes 46 (germ-free or GF) to those colonized with a microbiota (conventionalized or CV) have revealed 47 hundreds of genes that have significantly increased or decreased mRNA levels following 48 microbiota colonization (Camp et al. 2014 ). Interestingly, many mouse genes that are 49 transcriptionally regulated by microbiota have zebrafish homologs that are similarly responsive, 50
suggesting the existence of evolutionarily-conserved regulatory mechanisms (Rawls et al. 51 2004). For example, the protein hormone Angiopoetin-like 4 (Angptl4, also called Fiaf) is 52 Genotype was blinded and samples were arranged by intensity of GFP fluorescence. (E) GFP fluorescence (mean ± sem) in hnf4a +/+ (n = 8), hnf4a +/-(n = 8) and hnf4a -/-(n = 8) 6dpf in3.4:cfos:gfp zebrafish (Two-tailed ttest: t = 17.84, 16.51, respectively, df = 14, and **** p < 0.0001). (F) Confocal microscopy showing representative axial cross sections in 6dpf hnf4a +/+ (n = 4) and hnf4a -41/-41 (n = 4) larval zebrafish. 4e8 antibody (yellow) labels the intestinal brush border, DAPI (blue) and phalloidin (red), and nephros (n). (G) Bright field microscopy (top) and stereofluorescence GFP (bottom) for representative hnf4a +/+ (n = 3) (left) and hnf4a -/-(n = 3) (right) dissected intestinal folds from adult in3.4:cfos:gfp zebrafish. (H) Relative mRNA levels (mean ± sem) in hnf4a +/+ (n = 3) and hnf4a -/-(n = 3) adult zebrafish intestinal epithelial cell as measured by qRT-PCR. Two-tailed t-test: t = 0.93, 5.22, 6.56, 10.65, 0.75, 0.94 respectively, df = 4, and * p <0.05, *** p < 0.001). See also Supplemental Figures S1 and S2. of in3.4 were unknown. Using a yeast one-hybrid (Y1H) assay, we tested the capacity of 150 103
TFs expressed in the zebrafish digestive system to bind in3.4 (Supplemental Fig. S1A,B ; 104 Supplemental Table S1 ) and detected an interaction only with hnf4a, hnf4b, and hnf4g (Fig. 1B) . 105
When either of two predicted Hnf4 motifs in in3.4 are mutated, the Hnf4-in3.4 interaction in the 106 Y1H assay and intestinal GFP expression in in3.4:cfos:gfp zebrafish is strongly reduced 107 (Supplemental Fig. S1C-F) . Interestingly, while gata4, gata5, and gata6 have predicted motifs in 108 in3.4 (Camp et al. 2012 ) these TFs did not interact in the Y1H assay. This suggests that HNF4 109
TFs are capable of binding in3.4 directly and HNF4 binding sites are necessary for directing 110 in3.4-based transcription in vitro and in the intestine. 111
We hypothesized that the hnf4 transcription factor family is required to mediate microbial 112 suppression of in3.4 activity. Although the Y1H assay demonstrated all 3 zebrafish Hnf4 113 members are capable of binding in3.4, we concentrated our efforts on understanding the 114 function of hnf4a because it is the most highly conserved Hnf4 family member (Supplemental 115 Table S10 ) and has well-documented roles in intestinal physiology 116 (San Roman et al. 2015) . To that end, we generated hnf4a mutant zebrafish using the 117 CRISPR/Cas9 system ( Fig. 1C; Supplemental Fig. S2A-C,E) . Unlike mouse whole-animal Hnf4a 118 knockout animals that fail to initiate visceral endoderm development and die during early 119 embryogenesis (Duncan et al. 1997) , zebrafish hnf4a mutant animals are viable and survive to 120 sexual maturity (Supplemental Fig. S2D ) providing new opportunities to study the roles of Hnf4a 121 in host-microbiota interactions. 122
To determine if hnf4a is essential for in3.4 activity, we crossed mutant hnf4a alleles into the 123 in3.4:cfos:gfp transgenic reporter line. GFP expression was significantly reduced in the absence 124 of hnf4a suggesting that hnf4a activates in3.4 (Fig. 1D,E 
,G,H). This loss of GFP expression in 125

hnf4a
-/-mutants was not associated with overt defects in brush border development or epithelial 126 polarity in larval stages (Fig. 1F) , nor in the establishment of intestinal folds during adult stages 127 (Fig. 1G) . However, intestinal lumen of mutant larvae was reduced in size at 6 days post 128 fertilization (dpf) compared to WT siblings ( Fig. 1F; Supplemental Fig. S2F ). Together, these 129 data indicate hnf4a is essential for robust activity of a microbiota-suppressed CRR. Unlike 130 in3.4:cfos:gfp, angptl4 is expressed in multiple tissues and cell types (Camp et al. 2012 (Fig. 2D,E) . Principal components analysis (Supplemental Fig. S3A ) and 155 hierarchical clustering (Fig. 2B) of FPKM values indicated that hnf4a genotype had a complex 156 contribution to regulating genes involved in both response to the microbiota and digestive 157 physiology. 158
Because we found that hnf4a activates the microbiota-suppressed intestinal CRR, in3.4, we 159 hypothesized that this may represent a general regulatory paradigm for other microbiota-160 influenced CRRs and genes across the genome. When we compared the 598 genes that were 161 microbiota responsive in wildtype digestive tracts with the 2,741 genes that hnf4a regulates in 162
CV digestive tracts we found these lists shared 295 genes that included fads2 and saa, both of 163 which have human orthologs that are either implicated (FADS1/2) or markers (SAA) of IBD 164 (Plevy et al. 2013; Costea et al. 2014) (Fig. 2C-F) . While loss of Hnf4a could be pleiotropic, 165 strikingly, the overlap between these subsets reveals that a disproportionate 88 of the 98 166 (~90%) microbiota-suppressed genes are activated by hnf4a ( Fig. 2F ; Supplemental Table S2) . 167
These 88 genes represent almost half of all 185 genes suppressed by the microbiota. These 168 data suggest, like its role at in3.4, hnf4a plays a critical role in directly activating a large 169 percentage of genes that are suppressed by microbial colonization. Interestingly, despite a clear 170 enrichment of metabolism themed ontologies and pathways, we found IBD was among the top 2 171 diseases associated with genes that are activated by Hnf4a but suppressed by the microbiota 172 ( Fig. 2G ; Supplemental Table S11 ). Based on these results, we hypothesized that Hnf4a DNA 173 ChIP-seq experiments, and (3) we speculated that the roles of Hnf4a in host response to 188 microbiota may be conserved to mammals. We first performed DNase-seq in jejunal IEC from 189 mice reared GF or colonized for two weeks with a conventional mouse microbiota (CV) to 190 determine the impact of microbiota colonization on chromatin accessibility (Fig. 3A) . In accord 191
with previous studies that that tested for chromatin accessibility in ileal or colonic IECs from GF transcript abundance of nearby genes in the same colonization state (Fig. 3D) . Collectively, we 210 identified for the first time a genome-wide map of hundreds of newly identified microbial 211 regulated CRRs, suggesting that microbiota regulation of host genes is mechanistically linked to 212 histone modifications changes more than gross chromatin accessibility changes (Camp et al. 213 2014). 214 We leveraged this novel atlas of microbiota-regulated enhancers and accessible chromatin to 215 determine which TFs are predicted to bind to these regions. An unbiased analysis found that 216
Hnf4a binding site motifs were enriched in promoters of genes associated with microbiota-217 suppressed enhancers (Supplemental Fig. S4E ), and STAT1 binding site motifs were enriched 218 in promoters of genes associated with microbiota-activated enhancers (Supplemental Fig. S4F) . 219
Interestingly, DHS sites associated with differentially active enhancers were enriched for two 220 different sets of TF binding sites. DHSs flanked by microbiota-inactivated enhancers were 221 enriched for nuclear receptor DR1 sites and GATA binding sites (Fig. 3E) . DHS sites associated 222 with microbiota-activated enhancers were similarly enriched for the nuclear receptor DR1 223 binding sites but also for STAT/IRF-like and ETS binding sites (Fig. 3F) . These data suggest 224 that nuclear receptors like Hnf4a may play a central role in IEC responses to microbial 225
colonization. 226
Microbiota colonization is associated with a reduction in Hnf4a and Hnf4g cistrome 227 occupancy 228
To directly evaluate the impact of microbiota on Hnf4a activity, we tested the plasticity of the 229 genome wide distribution of Hnf4s in response to microbial colonization. Hnf4a bound 28,901 230 and Hnf4g bound 21,875 across the genome in GF conditions in jejunal IECs with ~80% of 231 these sites being bound by both TFs. In striking contrast, the number of sites bound by Hnf4a 232 and Hnf4g in CV conditions was ~10 fold less ( Fig. 4A,B ; Supplemental Tables S5, S8 ). Of the 233 3,964 Hnf4a binding sites detected in CV there were only 267 Hnf4a sites that were specific to 234 the CV condition (Supplemental Fig. S5A ,C; Supplemental Table S8 ). Yet, the genes associated 235 with these Hnf4a sites that are retained in CV are enriched for ontologies and pathways 236 fundamental to intestinal epithelial biology (Supplemental Fig. S5B ). However, we did find that 237 the average CV Hnf4a signal was significantly increased at Hnf4a sites associated with 238 microbiota-induced genes relative to those Hnf4a sites associated with microbiota-suppressed 239 genes, suggesting Hnf4a may play a limited role in genes upregulated by colonization 241 (Supplemental Fig. S5F ). In contrast, GF Hnf4a ChIP signal was equivalent at Hnf4a sites 242 associated with microbiota-suppressed and induced genes (Supplemental Fig. S5F ). We do not 243 believe that the reduction of Hnf4a binding is the result of chromatin quality in a particular 244 condition since there are genomic locations where GF and CV Hnf4a sites appeared to have 245 equivalent signal (Fig. 4C) . Furthermore, ChIP enrichment in these IEC preparations for another 246 zinc finger TF, CTCF, was unaffected by microbiota colonization (Supplemental Fig. S5D ). This 247
indicates that the observed reduction of Hnf4 ChIP signal in CV IECs is a result of microbiota on 248
Hnf4 binding, and is not the result of altered ChIP efficiency or sample quality in the different 249 conditions. The dramatic loss of Hnf4a and Hnf4g DNA binding upon colonization is consistent 250 with Hnf4a acting as a potent activator of microbiota-suppressed genes. 251
We further speculated that certain coregulatory sequence-specific transcription factors may also 252 contribute to regulating transcription with Hnf4 at these sites. To explore this possibility, we 253 searched for TF motifs associated with Hnf4a ChIP sites and found an enrichment of putative 254 binding sites for TFs known to be involved in small intestinal physiology (GATA and Hoxc9) as 255 well as nutrient metabolism (Pdx1) at both Hnf4a bound regions associated with genes and 256 enhancers suppressed by microbes (Fig. 4D) . We similarly found GATA sites located within an 257
Hnf4a-bound CRR near murine Angptl4 (Fig. 4E) , similar to the coincident Hnf4 and GATA 258 motifs in in3.4 (Camp et al. 2012 ). Furthermore, binding sites for TFs known to be involved in 259 ChIP-seq data (Fig. 5A) . Strikingly, the majority of human genes downregulated in all of these 275 IBD datasets have mouse orthologs that are associated with an Hnf4a-bound region ( Fig. 5B,C ; 276 Supplemental Table S7 ). Focusing on the iCD dataset from the largest of these previous studies 277 (Haberman et al. 2014), we found differential iCD genes associated with Hnf4a sites are 278 enriched for distinct ontologies and pathways that are dysregulated in IBD (Fig. 5H-K) . In 279 contrast to IBD, analysis of a transcriptomic dataset from human necrotizing enterocolitis (NEC) 280 (Tremblay et al. 2016 ) revealed significantly less Hnf4a-bound regions near genes both induced 281 and suppressed in NEC (Fig. 5B,C) . These data indicate microbiota-dependent and microbiota-282 independent suppression of Hnf4a activity may play an important role in IBD pathologies, but 283 not NEC. 284
286
To assess if microbiota suppression of Hnf4a activity regulates genes differentially expressed in 287 IBD, we queried the published human IBD and NEC gene expression datasets to identify 288 human-mouse-zebrafish one-to-one-to-one orthologs that were differentially expressed in our 289 RNA-seq analysis of gnotobiotic zebrafish hnf4a mutants (Fig. 5D) . We found ortholog 290 expression fold changes in human IBD/healthy comparisons most closely resembled the 291 expression fold changes of MutCV/MutGF and MutCV/WTCV (Fig. 5E-G limited our analysis to one-to-one orthologs that have an association with an Hnf4a bound 298 region in mouse IECs (Fig. 5G) . Together, these results suggest that Hnf4a protects the host 299 and maintains transcriptional homeostasis in the presence of a microbiota and protects against 300 an IBD-like gene expression signature. 301
DISCUSSION 302
Over the course of animal evolution, the intestinal epithelium has served as the primary barrier 303 between animal hosts and the complex microbial communities they harbor. IECs maintain this 304 Mice were euthanized under CO2 and cervical dislocation and placed on a chilled wax 400 dissection pad. The small intestine was removed from the mouse and the jejunum was excised 401 from the duodenum and ileum. Duodenum was defined as the anterior 5 cm of the midgut and 402 ileum was defined as posterior 6 cm of midgut as described (Camp, et 
Bioinformatic and Statistical analysis: 427
Sample sizes for zebrafish experiments (noted in figure legends) were selected based on 428 genotype availability and transgenesis efficiency. All sample collection was performed two or 429 more times on independent days. For sequencing experiments, statistical calls for differential 430 gene expression were made by Cuffdiff using parameters stated above. For the zebrafish RNA-431 seq experiment Next-Gen sequencing was performed once and at the same time to avoid batch 432 effects: WTGF and WTCV (n = 3); MutGF and MutCV (n = 2). We originally collected n = 3 433
MutGF and MutCV biological replicates, however, using pre-established criteria and to avoid 434 RNA contamination, we excluded one biological replicate from all analysis from these groups 435 because of sequencing reads that mapped within the deleted hnf4a exon in the hnf4a -/-436 genotype. 437 GF mice were randomly chosen by gnotobiotic staff for microbiota colonization (CV) based on 438 their availability and litter sizes. All sample collection was performed two or more times per 439 condition on independent days. GF and CV mouse samples were collected on different days. 440
For sequencing experiments, statistical calls for differential gene expression and differential 441 peak calls were made by Cuffdiff, MACS2, and DEseq2 using parameters stated above. For the 442 mouse RNA-seq experiment Next-Gen sequencing was performed once and at the same time 443 to avoid batch effects: GF (n = 2) and CV (n = 2). Paired GF and CV ChIP and library 444 amplification was performed simultaneously. Typically, biological ChIP replicates were 445 sequenced on different days and were always paired with the other condition (i.e. CV and GF 446 were always sequenced together). The number of biological ChIP replicates (noted in figure  447 legends) was dependent on reproducibility between ChIP samples and/or our ability to 448 determine statistical differential sites using DEseq2 (for H3K4me1 and H3K27ac). 
